The effects of amplitude and the starting point of an accommodative response on the dynamics of far-to-near (accommodation) and near-to-far (disaccommodation) focus were studied.
T he act of focusing the eye on objects at different distances includes far-to-near (accommodation) and near-to-far (disaccommodation) focus. The dynamic characteristics of accommodative responses have been studied extensively, [1] [2] [3] [4] [5] [6] [7] [8] but relatively few studies have been undertaken to address disaccommodation and to identify the differences in dynamics between accommodation and disaccommodation. 9 -11 In a previous study in humans, 9 differences between the dynamics of step accommodative and disaccommodative responses were found, with disaccommodation occurring progressively faster than accommodation with increasing amplitude. In that study, accommodation started from a fixed far target position (6 m), but disaccommodation started from various near target positions. In other words, different amplitudes of accommodation were stimulated from the same starting point, but different amplitudes of disaccommodation were stimulated from various near starting points. It is possible that the differences between accommodative and disaccommodative dynamics are due to the difference in the starting point of a response.
Fisher 12, 13 suggested, based on a mathematical analysis, that the force of contraction of the ciliary muscle and the elastic properties of the lens capsule depend on the initial shape or configuration of the lens capsule/substance. In vitro studies of enucleated eye tissue suggest that the dynamics of accommodation and disaccommodation are dominated by the dynamics of the lens-ciliary body plant. 12,14 -18 These studies suggest that the passive, mechanical structures involved in accommodation may be rate limiting. [13] [14] [15] [16] [17] The efficiency and the dynamics of these mechanical structures may be influenced by the starting configurations 12 and the elastic properties 3, 11, 16, 17 of the tissues. In vivo, the starting configuration of the accommodative tissues can be manipulated by changing the starting point of an accommodative response. 3, 11 Shirachi et al. 3 showed that accommodation is faster in the far (1-4 D) than in the near (5-8 D) range, and disaccommodation is faster in the near (8 -5 D) than in the far (4 -1 D) range. Beers and Van Der Heijde 11 reported that time constants of accommodation are larger in the far range than in the near range and that time constants of disaccommodation are similar for both ranges. Although the results of these two studies do not directly agree, both suggest that the starting point of a response influences the dynamics of accommodation and disaccommodation.
Theoretical models have been proposed for the mechanism and dynamics of the accommodative system. 19 -23 These models suggest that neural mechanisms, such as the firing rate of the midbrain neurons, are among the main determinants of the speed of accommodation. 20, 24, 25 The basis for neural correlates is that the firing rate of the neurons is correlated with peak velocity and that firing rate increases linearly with amplitude. 24 Such a neural basis has been demonstrated for saccadic and vergence eye movements 26 -28 in the form of linear main sequence plots, where peak velocity is plotted against amplitude. 26 In the theoretical models of accommodation, it is implicitly assumed that peak velocity increases with amplitude of accommodation. 19, 20 Studies of humans have shown that peak velocity increases with amplitude of accommodation for low amplitudes (Ͻ3 D). 5, 29, 30 However, in a previous study, it was shown that peak velocity increases at low amplitudes (Ͻ2 D) and saturates at higher amplitudes of accommodation, but increases linearly over the entire range of disaccommodative amplitudes. 9 The assumption of the theoretical models of accommodation (i.e., that peak velocity increases with amplitude over a wide range of amplitudes) is not consistently upheld. Recently, a new pulse-step model of accommodation was proposed that accounts for the saturation of peak velocity at higher amplitudes of accommodation. 22 Accommodation and disaccommodation also exhibit different dynamic characteris-tics, 2,9 -11 which precludes simple linear systems analysis. 31, 32 The theoretical models fail to consider the differences between accommodation and disaccommodation. In the present study, accommodative and disaccommodative dynamics were examined over a wide range of amplitudes and starting points, in an attempt to reconcile prior, apparently contradictory, findings.
3,11

METHODS
Subjects
Nine subjects (ages 22-30 years; mean Ϯ SD, 24 Ϯ 2.55) were recruited with informed consent in accordance with institutionally approved human subject protocols and under the tenets of the Declaration of Helsinki. The subjects were emmetropes (ϩ0.50 to Ϫ0.50 D; n ϭ 4) or myopes corrected with soft contact lenses (Ϫ2.00 to Ϫ4.25 D; n ϭ 5) with visual acuity of at least 20/20 at distance. Each subject underwent a short optometric examination to ensure 20/20 distance Snellen visual acuity, no residual refractive error greater than Ϯ0.5 D as measured with a Hartinger coincidence refractometer, normal phoria (4⌬ esophoria to 4⌬ exophoria at 40 cm and 2⌬ esophoria to 2⌬ exophoria at distance), and normal near point of convergence (Ͻ8 cm). The screening procedure was followed by dynamic accommodation testing. The maximum accommodative amplitude of the subjects was measured objectively with a Hartinger coincidence refractometer during a push-up task. This was performed at the end of the dynamic experiment, to avoid inducing fatigue or influencing the experiment.
Dynamic Target Presentation
High-contrast, black-on-white, starlike targets were presented at far and near real distances. The far and near targets were alternately illuminated by ultrabright white LEDs fitted with individual rheostats. The targets were matched in luminance to 10 cd/m 2 on the white background by measurement through the optical system with a photometer (model LS100; Minolta, Osaka, Japan) held at the plane of the subject's eye. The far target at 6 m subtended 0.86°at the eye and the near target at 1 m subtended 1.66°. The target was spatially broadband, consisting of multiple spatial frequencies from 1 to 30 cyc/deg, with predominantly less than 9 cyc/deg, at 6 m. The angular size of the target increased approximately 1.5 times with each near target position or every diopter increase in accommodative demand. The switching of the LEDs that illuminated the targets was controlled by a computer. The duration of presentation of each target was randomly varied between 1.5 and 6 seconds with an instantaneous switch from one target to the other. A TTL voltage signal indicating the onset of the far and near stimuli was hardwired to the keyboard of a dynamic optometer (PowerRefractor; MultiChannel Systems, Rütlingen, Germany). The optometer recorded the far and near stimulus timing along with the refraction responses. The room lights were turned off after the subject was comfortably seated and stabilized in a head and chin rest. The far target, the near target, and the optometer were aligned with the subject's right eye, and the left eye was patched (Fig. 1A) . Ten to 15 dynamic responses were recorded at each stimulus demand. The subjects were instructed to look at and focus on the target that was illuminated and to keep the target in clear focus. Practice sessions were provided so that the subjects were fully aware of the nature of the experiments.
Accommodative responses were recorded in three different conditions: fixed far, fixed near, and fixed amplitude (Fig. 1B) . The fixed far condition was performed in one experimental session and the fixed near and fixed amplitude conditions were performed on a second session on a different day.
Fixed Far Condition. The far target was fixed at 6 m (ϳ0 D), and the near target was first placed at 1 D and then brought progressively closer in 1-D steps to 6 D, in separate trials (Fig. 1B) . In the fixed far condition, accommodation always started from the same fixed far target distance (6 m or ϳ0 D) and ended at different near target distances. Disaccommodation started from different near distances according to the position of the near target and ended at the same far distance (6 m or ϳ0 D).
Fixed Near Condition. The near target was fixed at 6 D and the far target was first placed at 1 D and then brought progressively closer in 1-D steps to 5 D, in separate trials (Fig. 1B) . In this fixed near condition, accommodation started from different far target distances and always ended at the same near target distance (16.7 cm, or 6 D). Disaccommodation always started from the fixed near target (16.7 cm, or 6 D) and ended at different far target distances.
Fixed Amplitude Condition. The difference in the accommodative demand between the far and near targets was fixed at 1.5 D. The far target was first placed at 1 D, and the near target was placed at 2.5 D (Fig. 1B) . In subsequent trials, the far target was placed at 1.5 to 4.5 D in 0.5-D steps, and the near target was placed 1.5 D closer. In this paradigm, the amplitude was held constant; however, both the starting and ending points were changed.
In summary, stimulus amplitude was changed with the starting point for accommodation in the fixed near condition and for disaccommodation in the fixed far condition. Stimulus amplitude was changed independent of starting point in the fixed far condition for accommodation and in the fixed near condition for disaccommodation. Stimulus amplitude was held constant and starting and ending points were changed in the fixed amplitude condition.
To determine the influence of the order of presentation of the stimulus, the fixed near condition was repeated in a different experimental session on five of the original subjects (three emmetropes and two myopes). In this control experiment, the fixed near condition was first performed in the reverse order-that is, the 1-D stimulus amplitude [5-6 D] was presented first and the 5-D stimulus amplitude [1-6 D] was presented last. After this, the fixed near condition was presented in random order.
Measurement of Accommodation
Accommodation was measured with an infrared video optometer (PowerRefractor; MultiChannel Systems) that measures refraction, pupil diameter, and vergence binocularly at 25 Hz. 9, [33] [34] [35] [36] The instrument was calibrated for each subject individually, as described previously. 2, 9 In all subjects, the linear calibration functions reached r 2 Ͼ 0.9, as described previously. 9 The measured refractions were converted into accommodation by subtracting the measured refractions from zero (0), for further data analysis. It was necessary to know the actual starting refraction of each response, and therefore refractions were not simply subtracted from the baseline refraction.
Data Analysis
Fitting Exponential Functions. First-order exponential functions were used to fit accommodation (equation 1) and disaccommodation (equation 2), after removing latency, as described previously, 9 to provide dynamic metrics that could be compared between the three conditions.
Disaccommodation:
where y represents the response, y 0 represents the starting point, a represents the amplitude of the response, t represents time in seconds, and represents the time constant. These exponential functions were fitted to the entire accommodative and disaccommodative responses (Fig. 2) , with custom computer software using the Levenberg-Marquardt algorithm, 37 which iteratively found the best fit based on 2 reduction. The goodness of fit to each response was evaluated by examination of the residuals. Only fits with no systematic pattern and with no residuals greater than 1 D, considering the fluctuations of accommodation, were used in the final anal- Comparing the Different Conditions. The exponential equations provided the response amplitudes (a), starting points (y 0 ), and time constants (). The peak velocity was obtained from the peak value of the first derivative of the fitted equations. To observe the trends present in the data, average values for each stimulus amplitude were plotted rather than each raw response. The response amplitude, response starting point, peak velocity, and time constant data were averaged for each stimulus in each condition for each subject. The mean data from each subject were further averaged to obtain a grand mean and standard error (SE) of each parameter for each stimulus amplitude in the different conditions. In subsequent figures, the data are shown as the mean Ϯ SEM for each stimulus condition. In some cases, the trends in the data were described with straight-line fits. To compare the straight-line fits to data from two different conditions, an F statistic was used. For this F statistic, the mean data from each subject were considered, rather than the grand mean, because the individual subject data provide a better estimate of variance than do the grand mean data.
RESULTS
The maximum objectively measured accommodative amplitude of the subjects ranged from 6.25 to 8.5 D (median, 7.25 D). Therefore, in all subjects, the largest stimulus amplitude (6 D) was within the individual maximum accommodative amplitudes. For accommodation, the proportion of dynamic responses included from each subject ranged from 41% to 69% (median, 58%) for the fixed far condition, 23% to 73% (median, 62%) for the fixed near condition, and 59% to 90% (median, 84%) for the fixed amplitude condition. For disaccommodation, the proportion of dynamic responses included from each subject ranged from 32% to 76% (median, 60%) for the fixed far condition, 45% to 66% (median, 55%) for the fixed near condition, and 54% to 91% (median, 76%) for the fixed amplitude condition. No differences between myopes and emmetropes were found in the percentage of data excluded. The responses that were included are those for which a clear start could be identified, for which exponential functions provided good fits and did not result in residuals greater than 1 D, and for which a steady state level at the end of the response was observed. Only two targets were used in each of the three conditions (B). The far and intermediate targets were used for the fixed far condition, and the near and intermediate targets were used for the fixed near and fixed amplitude conditions. (B) Schematic of the experimental paradigm. Accommodative and disaccommodative responses were measured under three conditions: fixed far, fixed near, and fixed amplitude. In the fixed far condition, the far target was placed at 6 m (0 D), and the near target was placed at stimulus demands from 1 to 6 D in 1-D steps. In this condition, accommodation always started from the same far starting point (6 m) and disaccommodation started from various near distances. In the fixed near condition, the near target was fixed at 6 D, and the distal target was placed at stimulus demands from 1 to 5 D in 1-D steps. In this condition, accommodation started from various far target distances, and disaccommodation always started from the same near distance. In the fixed amplitude condition, the far and near targets were placed 1.5 D from each other to create a constant stimulus amplitude, while stimulating accommodation and disaccommodation at various starting and ending points.
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Eye blinks occurring during the initial response precluded identification of the start of the response and resulted in the rejection of that response.
The influence of refractive error on the subject's responses was tested statistically with a three-factor ANOVA. The three factors considered were (1) refractive error with two levels (myopes and emmetropes); (2) condition, with two levels (fixed far and fixed near); and (3) stimulus amplitude with five levels (1, 2, 3, 4, and 5 D). Only fixed far and fixed near conditions were considered in this analysis, because similar amplitudes (1-5 D) were stimulated in only these two conditions. The dependent variables were response amplitude, peak velocity, and time constant. No significant interaction between refractive error and stimulus amplitude was found for response amplitude (F 4,77 ϭ 0.56, P ϭ 0.69), peak velocity (F 4,77 ϭ 0.15, P ϭ 0.96), or time constant (F 4,77 ϭ 0.12, P ϭ 0.98). Similarly, no significant interaction between refractive error and condition was found for response amplitude (F 4,77 ϭ 0.00, P ϭ 0.97), peak velocity (F 4,77 ϭ 1.86, P ϭ 0.18), or time constant (F 4,77 ϭ 0.11, P ϭ 0.74). Because refractive error did not influence the responses in this group of subjects, the data from emmetropic and myopic subjects were pooled in further data analyses.
Amplitude versus Starting Point
Stimulus response functions for amplitude and starting point of accommodation (Figs. 3A, 3C ) and disaccommodation (Figs. 3B, 3D) for each condition were plotted. Similar stimulus amplitudes resulted in greater response amplitudes in the fixed near than in the fixed far condition (Figs. 3A, 3B) .
The relationship between starting point and response amplitude was effectively manipulated for both accommodation and disaccommodation. In each of the three conditions, different relationships between response amplitude and response starting point were obtained. For accommodation (Fig. 3E) , response starting point remained constant with response amplitude in the fixed far condition (slope ϭ 0.01, P ϭ 0.47), and response starting point decreased systematically with response amplitude in the fixed near condition (slope ϭ Ϫ1.18, P Ͻ 0.05). In the fixed amplitude condition, although the stimulus amplitude was 1.5 D, a range of accommodative response amplitudes (1.29 -2.06 D) was recorded. The response amplitude increased with response starting point in this condition (slope ϭ 2.88, P Ͻ 0.05). In the case of disaccommodation (Fig. 3F) , response amplitude increased systematically with response starting point in the fixed far condition (slope ϭ 1.02, P Ͻ 0.05). In the fixed near condition, response starting point remained relatively constant with response amplitude (slope ϭ Ϫ0.16, P ϭ 0.10). In the fixed amplitude condition, a range of disaccommodative response amplitudes (1.21-1.86 D) was obtained and the response amplitude increased with response starting point (slope ϭ 4.47, P Ͻ 0.05).
Peak Velocity of Accommodation
The different conditions resulted in characteristic trends in the dynamics of the accommodative responses (Fig. 4) . Individual data from four representative subjects (Figs. 4A, 4B) and averaged data from all nine subjects (Figs. 4C-F) are shown. In the fixed far condition, peak velocity increased at low response amplitudes (Յ2 D) and saturated at higher response amplitudes, as shown previously. 9 In the fixed near condition, peak velocity decreased linearly with response amplitude (y ϭ Ϫ2.78x ϩ 20.41; P Ͻ 0.05). In the fixed amplitude condition, peak velocity increased linearly with response amplitude (y ϭ 10.84x Ϫ 7.63; P Ͻ 0.05). Similar low-amplitude responses (Յ3 D) were associated with very different peak velocities, depending on the condition. For example, in the fixed far condition a response amplitude of 1.94 Ϯ 0.11 D (SEM) was associated with a peak velocity of 7.54 Ϯ 1.39 D/s and in the fixed near condition a response amplitude of 1.85 Ϯ 0.14 D was associated with a peak velocity of 14.74 Ϯ 1.53 D/s. At higher response amplitudes, the peak velocities from the fixed far and fixed near conditions converged as the conditions became similar (Fig. 1B) .
Peak velocity increased with the response starting point of accommodation (Figs. 4B, 4D ). The three conditions resulted in similar trends in the response starting point versus peak velocity relationship. Peak velocity increased linearly with response starting point in the fixed near (y ϭ 2.29x ϩ 8.50; P Ͻ 0.05) and fixed amplitude (y ϭ 3.71x ϩ 6.43; P Ͻ 0.05), conditions and the two relationships were not significantly different (F 2,112 ϭ 0.60, P ϭ 0.55).
Time Constant of Accommodation
Time constants of accommodation increased linearly with response amplitude in both the fixed far (y ϭ 0.11x ϩ 0.20; P Ͻ 0.05) and fixed near (y ϭ 0.16x Ϫ 0.18, P Ͻ 0.05) conditions and the two relationships were significantly different (F 2, 92 ϭ 18.73, P Ͻ 0.05; Fig. 4E ). In the fixed amplitude condition, time constants decreased linearly with response amplitude (y ϭ Ϫ0.13x ϩ 0.42, P Ͻ 0.05). For similar response amplitudes, the time constants were larger in the fixed far than in the fixed near condition. The fixed far and fixed near curves approached each other at higher response amplitudes as the conditions became similar.
In the fixed far condition, a wide range of time constants were obtained for the same response starting point (Fig. 4F) . Time constants decreased linearly with increasing response starting point in the fixed near (y ϭ Ϫ0.14x ϩ 0.53, P Ͻ 0.05) and in the fixed amplitude (y ϭ Ϫ0.04x ϩ 0.25, P Ͻ 0.05) conditions, and the two relationships were significantly different (F 2,112 ϭ 47.28, P Ͻ 0.05). Time constants in the fixed amplitude condition were generally smaller than those in the 
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fixed near condition, because at similar distal stimulus starting points, response amplitudes were smaller in the fixed amplitude than in the fixed near condition (see Fig. 1B ). Based on the exponential fits, time constants depend on peak velocity and response amplitude, 9 and so they are harder to understand as a function of response starting point when response amplitude and peak velocity vary according to a particular condition. The time constant data are provided to enable a comparison of the dynamics of similar response amplitudes from different response starting points.
Peak Velocity of Disaccommodation
The different conditions resulted in characteristic trends in the dynamics of the disaccommodative responses (Fig. 5) . Individual data from four representative subjects (Figs. 5A , 5B) and averaged data (Figs. 5C-F) are shown. Peak velocity increased linearly with response amplitude of disaccommodation in the fixed far (y ϭ 4.40x ϩ 0.12, P Ͻ 0.05) and fixed amplitude (y ϭ 13.28x Ϫ 9.78, P Ͻ 0.05) conditions (Fig. 5C ). The linear relationships were significantly different from each other (F 2,121 ϭ 29.61, P Ͻ 0.05, P Ͻ 0.05). Peak velocity increased at low response amplitudes and saturated at higher response amplitudes in the fixed near condition. Most of the peak velocities from the fixed near and fixed amplitude conditions lay outside the 95% confidence intervals for the fixed far data (Fig. 5C, shaded area) . For similar low response amplitudes (Յ3 D), the peak velocities were significantly different between the conditions. For example, in the fixed far condition a response amplitude of 1.98 Ϯ 0.17 D (SEM) was associated with a peak velocity of 7.45 Ϯ 0.98 D/S and in the fixed near condition a response amplitude of 2.26 Ϯ 0.09 D was associated with a peak velocity of 18.54 Ϯ 1.78 D/S. At higher response amplitudes, the fixed far and fixed near conditions became similar (Fig. 1B) .
Peak velocity of disaccommodation increased linearly with response starting point in the fixed far (y ϭ 4.33x ϩ 0.63; P Ͻ 0.05) and fixed amplitude (y ϭ 2.92x ϩ 2.32; P Ͻ 0.05) conditions (Fig. 5D ) and the two linear relationships were significantly different (F 2,121 ϭ 14.26; P Ͻ 0.05). In the fixed near condition, only a restricted range of response starting points resulted, and so no trends were evident. Most of the data from the different conditions fell within the 95% confidence intervals for the fixed far data (Fig. 5D, shaded area) . However, one mean from the fixed near condition (Fig. 5D , arrow) and the data for higher response starting points in the fixed amplitude condition had lower peak velocities compared with the fixed far data. The one mean from the fixed near condition was recorded for the lowest response amplitude in that condition (1.60 D). The differences among the different conditions suggest that response amplitude has some influence and for starting point of accommodation (C) and disaccommodation (D) are shown for the three conditions. Error bars, Ϯ SEM. For accommodation and disaccommodation, the response amplitude showed differences between conditions, but the response starting points were similar between conditions. The response amplitude was greater at proximal starting points than at distal starting points. The response starting point is plotted against response amplitude of accommodation (E) and disaccommodation (F) for the three conditions. The relationship between response starting point and response amplitude was different between the three conditions for accommodation and disaccommodation.
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on the disaccommodative dynamics although response starting point strongly influences the dynamics.
Time Constant of Disaccommodation
The time constants recorded for similar amplitude disaccommodative responses were larger in the fixed far condition than in the fixed near and fixed amplitude conditions (Fig. 5E ). As response amplitude increased, the fixed far and fixed near conditions began to resemble each other, and so the curves tended to converge. Also, time constants recorded for similar response starting points were larger in the fixed far compared to fixed near and fixed amplitude conditions. As with accommodation, by virtue of the exponential fits used, time constants as a function of response starting point (Fig. 5F ) are mathematically related to the amplitude and peak velocity of a response.
Fixed Near Control Experiment
For accommodation, the random order fixed near condition produced results similar to that shown in Figure 4C , in that peak velocity decreased with response amplitude (Fig. 6A) . However, when the stimuli were presented in a reverse order, peak velocity was invariant with response amplitude (Fig. 6A) . The peak velocities for the smallest response amplitudes were still greater than the peak velocity for the smallest response amplitude in the original fixed far condition (Fig. 6A , shaded area). For disaccommodation, the peak velocity versus response amplitude relationships from the three repetitions of the fixed near condition were not systematically different. In all three repetitions, peak velocity increased at low amplitudes and saturated at higher amplitudes of disaccommodation.
DISCUSSION
Characteristics of the Stimulus
It has been suggested that restricting the cues available for accommodation can affect the response characteristics. 30, 38 Therefore real targets were used, and the subjects were also provided practice sessions so that they could become familiar with the experiment and provide robust responses. The subjects were aware of the target distances at each stimulus demand, although the target durations were randomized. In previous experiments 9 and in the present experiment, response amplitude and dynamics were compared for various stimulus durations for a 5-D stimulus amplitude. No relationship was found between the dynamics or amplitude of the responses and the trial number or the stimulus duration, including the response to the shortest stimulus duration of 1.5 seconds. The level of luminance of the targets was well beyond the threshold 39 and was similar to luminance levels used in previous studies of dynamic accommodation.
9,40 -42
Use of Exponential Functions to Fit Accommodative Responses
The optometer (PowerRefractor; MultiChannel Systems) measures at 25 Hz. This relatively low sampling frequency would result in considerable noise if the response velocity were calculated by a successive two-point difference method that can be used with higher frequency signals. 30 Therefore, the dynamic metrics of peak velocity and time constant were obtained by fitting analytical exponential functions to the data. Accommodative responses have been fitted with first-order exponential functions in the past. 9 -11,43,44 It has recently been shown that the second-order characteristics of the accommodative response, such as peak acceleration, time to peak acceleration, and duration of acceleration, offer important new insights into accommodative dynamics. 30 The first-order approximation of the accommodative responses inferred by fitting exponential functions in the present study precludes analysis of second-order characteristics. Nevertheless, exponential functions fit to the responses from all three conditions provide dynamic parameters that exhibit key differences and allow quantitative comparisons of the responses from the different conditions.
Amplitude versus Starting Point
The response amplitude and starting point in all three conditions showed a classical lag of accommodation at higher stimulus levels 2, 9, 45 (Figs. 3A, 3C ). Similar stimulus amplitudes produced larger response amplitudes in the fixed near compared to the fixed far condition (Figs. 3A, 3B) . A constant stimulus amplitude in the fixed amplitude condition resulted in larger responses amplitudes at more proximal starting points. These two findings could be related to the characteristics of the accommodative stimulus-response function. It is possible that as the stimulus starting point moved from the lead zone to the linear zone in the stimulus-response function, where a lag of accommodation exists, an increase in accommodative response amplitude with accommodative demand resulted. It is also possible that changes in the depth of focus of the eye as a function of the accommodative state could have resulted in the differences in the gain of the accommodative system as a function of starting point. The differences between the stimulus amplitude and the response amplitude dictate that response rather than stimulus be considered when describing dynamics of accommodation, as was done in the present study.
In the fixed near condition, as the stimulus starting point became more proximal, there was a lag of accommodation with respect to the stimulus starting level. Consequently, the retinal blur may have been greater than the stimulus amplitude. In the fixed far condition for accommodation, retinal blur would most likely be proportional to the stimulus amplitude. Therefore, although the responses were averaged for each stimulus condition, there could have been differences in the magnitude of retinal blur, apparent stimulus amplitudes, and therefore also response amplitudes, which could have influenced the dynamics. The saturation of peak velocity at higher response amplitudes in the fixed far condition (Fig. 4C) , however, suggests that peak velocity is not simply directly proportional to the magnitude of blur. The response starting point at the 6-m (ϳ0 D) stimulus represents the distance refraction. The subjects could have been 0.50 D under-or overcorrected, or the baseline, distance refraction could have been influenced by the experimental setup. Therefore, the raw distance refraction values were used as the response starting point for a 0-D stimulus. The PowerRefractor and some other infrared optometers have been shown to have a slight hyperopic bias. 46 -49 Previous studies on the PowerRefractor have reported overestimation of hyperopic refractive errors from 0.41 to 0.60 D. 46, 49 This overestimation of hyperopic refractive errors was not corrected in the present study, and the response starting points with the 6-m (ϳ0 D) stimulus are therefore shown as negative numbers in Figures 2, 3, 4 , and 5.
Factors Influencing Dynamics of Accommodation and Disaccommodation
Cumulatively, the three conditions provided peak velocities and time constants for amplitudes associated with different starting points and vice versa. The differences in the relationship between response starting point and response amplitude among the three conditions allows a comparison of peak velocities for similar response amplitudes associated with different response starting points and for similar response starting points associated with different response amplitudes. In this analysis, if peak velocity for a particular response amplitude from different conditions is similar, it shows a lack of influence from response starting point. If similar response starting points from different conditions have similar peak velocities, a lack of influence from response amplitude can be inferred.
For accommodation and disaccommodation, the relationship between peak velocity and amplitude was different among the three conditions (Figs. 4C, 5C ). Peak velocity is linearly related to the response starting point (Figs. 4D, 5D ). No systematic differences among the three conditions in the peak velocity versus response starting point relationships were found. From a fixed starting point, peak velocity was found to increase at low response amplitudes and saturate at higher response amplitudes (fixed far in Fig. 4C , and fixed near in Fig.  5C ). In general, dynamics of accommodative and disaccommodative responses were strongly influenced by starting point and less so by amplitude. The peak velocity of accommodation and disaccommodation was higher at proximal starting points.
In the fixed near condition, peak velocity of accommodation decreased with response amplitude. This is an interesting trend that, to our knowledge, has never been reported or suggested to occur. The fixed near and fixed amplitude conditions were tested on a different day from the fixed far condition. In the second experimental session, the fixed near condition was first tested followed by the fixed amplitude condition. In the fixed near condition, the largest stimulus amplitude was presented first and the smallest stimulus amplitude was presented last. Higher peak velocities for smaller response amplitudes are contrary to what might be expected to be caused by fatiguing. Furthermore, repeated accommodative responses can be elicited with little evidence of fatigue. 50 Thus, it is unlikely that fatigue explains the results obtained in the present study.
It is still of concern that practice or training effects related to the order of presentation could have influenced the results. It has been reported that the dynamics of accommodation can be enhanced through training, [51] [52] [53] suggesting that the accommodative dynamics are modifiable. The difference between the original and the reverse order of presentation of the fixed near condition (Fig. 6A) suggests that training or other factors related to the order of presentation may have modified the dynamics of accommodation. However, the results of the randomized and reverse-order control experiment still concur with the finding that similar-amplitude accommodative and disaccommodative responses are faster from a proximal than a distal starting point (Fig. 6) . It was found that the reversed and random order produced different results for accommodation (Fig. 6A) , but not for disaccommodation (Fig. 6B) . It will be worthwhile in future studies to explore the effects of training and the plasticity of accommodative dynamics.
Comparison with Previous Studies
Two prior studies have explored the influence of starting point or operating range on accommodative dynamics 3, 11 ; however, both studies describe dynamics in terms of time constants only. Time constants are an indicator of response duration, and they depend on the speed (velocity) as well as the amplitude of a response. Peak velocity is the maximum velocity of a response and occurs very early in a response. 5, 26 Peak velocity occurs during the visually open-loop period of accommodation and can, in general, be considered a good indicator of the firstorder dynamics of accommodation. 5, 20 Shirachi et al. 3 report that time constants for similar accommodative stimulus amplitudes are smaller when acting in the far range than in the near range. Beers et al., 11 report that for a high amplitude (4-D stimulus amplitude), the time constants of accommodation were smaller at the near than at the far range. The results from the present study agree with those of Beers et al., in that the time constants for similar response accommodative amplitudes were smaller at proximal starting points than at distal starting points. However, both the previous studies do not provide any information about the response amplitudes. This information is important, because time constants are related to response amplitudes, 9 and differences in response amplitudes obtained at far range and near range will confound any results based on time constants. In the present study, when response amplitude rather than stimulus amplitude was considered, smaller time constants were recorded at proximal starting points than at distal starting points for similaramplitude responses, in agreement with Beers et al. 11 The two previous studies also report data on disaccommodation. Shirachi et al. 3 reported that disaccommodation is faster when acting at a near than at a far range. Beers et al. 11 showed that time constants of disaccommodation are independent of stimulus amplitude at far and near range and that the dynamics of disaccommodation are similar at far range and near range. The present study concurs with Shirachi et al. 3 and showed that disaccommodation was influenced by response starting point and that it was faster at near than at far range (Fig. 5) . Again, as mentioned before for accommodation, a difference in response amplitude for the same stimulus amplitude may confound the comparison of time constants.
Yamada and Ukai 44 showed that the peak velocities of disaccommodative responses are similar for various amplitude responses from a common starting point. It was suggested that disaccommodative responses, regardless of the amplitude, are directed toward the resting position of accommodation along a common trajectory and are stopped along their path to attain the desired intermediate steady state levels. The present study showed a similar result, in that disaccommodative responses from a common starting point had similar peak velocities over a range of amplitudes (fixed near condition in Fig. 5C ) and that peak velocity of disaccommodation increased linearly with response starting point (Fig. 5D ). For accommodation, Yamada and Ukai did not find a common trajectory for various amplitude responses. They found that similar amplitude accommodative responses from a proximal starting point have smaller time constants, but did not discuss this aspect further. In the present study it was found that peak velocity of accommodative responses from a common starting point increased with amplitude at low amplitudes (ϳ2 D) and saturated thereafter (fixed far condition in Fig. 4C ) in accordance with prior results. 9 This suggests that at low amplitudes, there is no common trajectory in the accommodative responses, but that a common trajectory can be achieved at higher accommodative amplitudes. Peak velocity of accommodative responses also increased linearly with response starting point.
Biomechanical Basis for Accommodative and Disaccommodative Dynamics
In primates, accommodation occurs by the contraction of the ciliary muscle and movement of the apex of the muscle toward the lens equator, causing the zonular fibers to relax and the lens capsule to mold the lens substance into an accommodated state. 54, 55 Disaccommodation occurs by the movement of the ciliary muscle away from the lens equator, exerting an active pull on the zonular fibers, lens capsule, and lens substance. 54 It is plausible that the dynamics of accommodation are dictated by the passive resistance of the lens substance, 17 capsular molding force, 16 and force of ciliary muscle contraction. However, disaccommodation may be a more active process through the active pulling of the zonular fibers by elastic forces such as the choroid and posterior zonular fibers 11 during ciliary muscle relaxation. 13, 56 The velocity of ciliary muscle relaxation with disaccommodation 57 could be directly translated into velocity of lens changes and therefore to the change in refraction with disaccommodation. The influence of starting point on accommodative and disaccommodative dynamics, as shown in the current study, indicates the existence of a nonlinearity in the system. The ciliary muscle and the capsular molding forces may be influenced by the starting configuration of the ciliary muscle, 13 configuration of the insertion of zonular fibers in the lens capsule, or the configuration of the lens. 12 This effect of starting configuration on the ciliary muscle and lens-molding forces could result in the starting point influencing accommodative and disaccommodative dynamics, as seen in this and previous studies.
An implication of the present study is that the theoretical models of the accommodative system should necessarily consider the differences between accommodation and disaccommodation, in terms of mechanism and dynamics. The differences seen in the response dynamics of accommodation and disaccommodation may preclude simple linear systems analysis of the accommodative system. Dynamic models of accommodation should necessarily consider the plant dynamics and their influence on the overall dynamics of the accommodative system. Necessary consideration should also be given to the amplitude and starting point of a response when modeling the dynamics of the accommodative system.
CONCLUSIONS
The dynamics of accommodation and disaccommodation are strongly influenced by the response starting point. Response amplitude also influences the dynamics, albeit not as strongly as does the response starting point. The influence of response amplitude or starting point on the dynamics also depends on the metrics used to characterize dynamics, such as the time constant or peak velocity. In general, accommodative and disaccommodative responses of similar amplitudes were faster at proximal response starting points than at distal response starting points.
